L-Asparaginase (L-ASP), a bacterial enzyme used since the 1970s to treat acute lymphoblastic leukemia, selectively starves cells that cannot synthesize sufficient asparagine for their own needs. Molecular profiling of the NCI-60 cancer cell lines using five different microarray platforms showed strong negative correlations of asparagine synthetase (ASNS) expression and DNA copy number with sensitivity to L-ASP in the leukemia and ovarian cancer cell subsets. To assess whether the ovarian relationship is causal, we used RNA interference to silence ASNS in three ovarian lines and observed 4-to 5-fold potentiation of sensitivity to L-ASP with two of the lines. For OVCAR-8, the line that expresses the least ASNS, the potentiation was >500-fold. Significantly, that potentiation was >700-fold in the multidrug-resistant derivative OVCAR-8/ADR, showing that the causal relationship between ASNS expression and L-ASP activity survives development of classical multidrug resistance. Tissue microarrays confirmed low ASNS expression in a subset of clinical ovarian cancers as well as other tumor types. Overall, this pharmacogenomic/pharmacoproteomic study suggests the use of L-ASP for treatment of a subset of ovarian cancers (and perhaps other tumor types), with ASNS as a biomarker for patient selection.
Introduction
The bacterial enzyme L-asparaginase (L-ASP) was screened for activity against a variety of tumor types in the 1970s, but its activity was sporadic and statistically nonsignificant in all but one cancer type, acute lymphoblastic leukemia, for which it was Food and Drug Administration approved in 1978. The rationale for selective activity of L-ASP in acute lymphoblastic leukemia is that those cells require more asparagine than they can synthesize endogenously and must therefore scavenge circulating asparagine to survive. More recent studies have suggested a link between L-ASP activity and expression levels of asparagine synthetase (ASNS), the enzyme responsible for endogenous synthesis of asparagine from aspartate (1 -3) . That apparent mechanism of action is particularly interesting because it differs from those of other anticancer drug classes and because the mechanism does not require the enzyme-drug to enter the tumor or even escape from the bloodstream. We wondered, in that context, whether molecular profiling data from the NCI-60 cell lines would suggest the use of ASNS as a biomarker to predict L-ASP efficacy in tumor types other than acute lymphoblastic leukemia.
The NCI-60 panel consists of 60 human cancer cell lines used by the Developmental Therapeutics Program of the U.S. National Cancer Institute (NCI) to screen >100,000 chemical compounds for anticancer activity since 1990 (4 -7) . Patterns of drug activity and molecular profiling of cells in the screen have yielded rich information on mechanisms of drug action and inhibition (2, 4, 8, 9) . Overall, the NCI-60 panel has been characterized at the molecular level more extensively than any other set of cells, and additional characterizations appear in this issue, inaugurating Molecular Cancer Therapeutics' "Spotlight on Molecular Profiling" series (9a, 9b) . A number of molecular data sets have been incorporated into a user-friendly webbased tool (CellMiner) for "integromic" analysis (9a) across molecular data types. 9 When we previously looked for a correlation between ASNS mRNA expression and L-ASP activity, data derived from cDNA expression microarrays showed a statistically significant but only moderately large negative correlation (À0.44; bootstrap 95% confidence interval, À0.58 to À0.25) across the 60 cell lines (2) . However, the leukemia subpanel showed a remarkable negative correlation (À0.98; À1.00 to À0.93). More interestingly, the ovarian subpanel also showed a negative correlation (À0.89; À0.98 to À0. 41) , which seemed to be statistically significant but did not survive correction for multiple comparisons. However, our subsequent array comparative genomic hybridization (CGH) data revealed a strong negative correlation (À0.98; À1.00 to À0.84) between L-ASP activity and DNA copy number near the ASNS locus on 7q, and that observation did survive correction for multiple comparisons (10) .
Given the uncertainties of microarray expression analysis, however, we wanted to show the correlation using additional methods. Accordingly, we have now extended the study to three additional platforms for measurement of mRNA expression (Affymetrix Hu6800, U95, and U133 chips). The L-ASP/ASNS relationship holds up across all of those platforms. To test whether the L-ASP/ ASNS relationship is causal, we used RNA interference (RNAi) and an optimized assay for L-ASP cytotoxicity in three ovarian cancer cell lines that exhibit a range of ASNS expression levels. We report here, using assays at both mRNA and protein levels, that L-ASP cytotoxicity is causally and functionally linked to ASNS expression. Overall, the studies described here suggest the possible use of L-ASP for treatment of subsets of ovarian cancers (and possibly other cancer types), with ASNS as a biomarker for patient selection. Toward that end, we have opened a phase I clinical trial in patients with solid tumors and nonHodgkin's lymphoma at three academic institutions, with ASNS assessed retrospectively as a biomarker.
Materials and Methods
Transcript Expression Profiling and Array CGH ASNS transcript expression levels were obtained from four different NCI-60 data sets, two of them previously published. ASNS data from the other two are presented here for the first time. The first two were based on 9,706-clone spotted cDNA arrays (2, 11) and f6,800 probe set 25-mer Affymetrix oligonucleotide arrays (12) . The unpublished data 9 were from the five-chip (f60,000 probe set) HG-U95 Affymetrix array set and the two-chip (f45,000 probe set) HG-U133 Affymetrix array in studies done with GeneLogic, Inc. (Gaithersburg, MD). The protocol for cell harvests was as follows. Seed cultures of the 60 cell lines were drawn from aliquoted stocks, passaged once in T-162 flasks and monitored frequently for degree of confluence. The medium was RPMI 1640 with phenol red, 2 mmol/L glutamine, and 5% fetal bovine serum. For compatibility with our other profiling studies, all fetal bovine sera were obtained from the same large batches as were used by the Developmental Therapeutics Program. One day before harvest, the cells were refed. Attached cells were harvested at f80% confluence, as assessed for each flask by phase microscopy. Suspended cells were harvested at f0.5 Â 10 6 /mL. In pilot studies, samples of medium showed no appreciable change in pH between refeeding and harvest, and no color change in the medium was seen in any of the flasks harvested. The time from incubator to stabilization of the preparation was kept to <1 minute. Total RNA was purified using the Qiagen (Valencia, CA) RNeasy Midi Kit according to the instructions of the manufacturer. The RNA was then quantitated spectrophotometrically and aliquoted for storage at À80jC. The samples for HG-U95 and HG-U133 microarrays were labeled and hybridized to the arrays according to standard procedures by GeneLogic. 10 Our protocols for labeling and hybridization to cDNA microarrays (2, 11) in a collaboration with the Brown/Botstein laboratory and hybridization to Affymetrix HU6800 arrays (12) in a collaboration with the Lander/Golub laboratory have previously been described. Likewise, our procedures for purification of DNA and its use in array CGH with ''OncoBAC'' DNA microarrays in a collaboration with the laboratory of Joe Gray have been described and the data presented elsewhere (10) .
Cell Culture and RNA Interference Cell lines were routinely maintained in RPMI 1640 containing 5% fetal bovine serum and 2 mmol/L Lglutamine. For mRNA and 3-(4,5-dimethyl-thiazol-2yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assays, transfections mediated by cationic lipid were done in 96-well plates. Cells were seeded on a complex of the appropriate siRNA (Qiagen, Inc., Germantown, MD) and Oligofectamine (Invitrogen, Carlsbad, CA) in unsupplemented growth medium. Final amounts in each well were 50 nmol/L siRNA, 0.475 AL Oligofectamine, and 5,000 OVCAR-4 cells in 100 AL medium; 30 nmol/L siRNA, 0.40 AL Oligofectamine, and 4,300 OVCAR-3 cells in 100 AL medium; 5 nmol/L siRNA, 0.75 AL Oligofectamine, and 2,750 OVCAR-8 cells in 100 AL medium; and 5 nmol/L siRNA, 0.75 AL Oligofectamine, and 4,700 OVCAR-8/ADR cells in 100 AL medium. Three replicate wells were used in mRNA determinations. The amount of Oligofectamine was scaled to 200,000 cells per well in six-well plates for duplicate protein determinations. The ASNS target sequences of the synthetic siRNAs were designed against NM_001673 but recognize all three ASNS transcript variants. The siASNS.1 sequence consisted of sense r(GGAUACUGCCAAUAAGAAA)dTdT and antisense r(UUUCUUAUUGGCAGUAUCC)dAdG, designed against the target CTGGATACTGCCAATAAGAAA (exon 5, nucleotide 556). The siASNS.2 sequence consisted of sense r(GAAGCUAAAGGUCUUGUUA)dTdT and antisense r(UAACAAGACCUUUAGCUUC)dTdG, designed against the target CAGAAGCTAAAGGTCTTGTTA (exon 5/6, nucleotide 658). The negative control (siNeg) sequence consisted of r(UUCUCCGAACGUGUCACGU)dTdT and r(ACGUGACACGUUCGGAGAA)dTdT strands (Qiagen, Germantown MD). Cells and complex were incubated for 1 hour at room temperature before transferring to an incubator.
Detection of ASNS mRNA ASNS mRNA levels were assayed at 48 hours using the Quantigene Branched-DNA Assay (probe set nucleotides 670 -1,321, which recognizes all three ASNS transcript variants) according to the protocol of the manufacturer (Genospectra, Inc., Fremont, CA). The luminescence of each sample was measured with a Perkin-Elmer Victor3 V 1420 Multilabel Counter. Each background signal value (absence of capture probe) was subtracted from the corresponding ASNS or cyclophillin-B (PPIB; probe set nucleotides 74 -432) value to correct for nonspecific binding. ASNS levels for a given sample were then normalized to PPIB levels for that sample. Normalized ASNS levels in siASNS-transfected cells were compared with those in siNeg-transfected cells, which served as the control.
Detection of ASNS Protein
At selected time points, cells seeded in six-well plates for protein determination were washed twice with ice-cold PBS. Ice-cold lysis buffer [20 mmol/L Tris (pH 8), 137 mmol/L NaCl, 1 mmol/L MgCl 2 , 1 mmol/L CaCl 2 , 1% Triton X-100, 10% glycerol, 1 mmol/L phenylmethylsulfonyl fluoride] was then added to each well and plates were rocked for 5 minutes at 4jC. The lysate was centrifuged at 14,000 rpm for 10 minutes, and the supernatant was then assayed for total protein using the Bio-Rad DC Protein Assay (Bio-Rad Laboratories, Hercules, CA) and a bovine serum albumin standard.
For Western blots, 10 Ag of supernatant were loaded onto 10% acrylamide gels, with the exception that 5 Ag were loaded for all OVCAR-3 samples. After electrophoresis and transfer to polyvinylidene difluoride membranes, nonspecific binding was minimized by blocking for 2 hours with TBST containing 1% (w/v) polyvinylpyrrolidone and 10% (w/v) dextran (Sigma-Aldrich, St. Louis, MO) at room temperature. The primary antibody, rabbit anti-human ASNS, was added directly to the blocking solution at 0.4 Ag/mL. IRDye 800 goat anti-rabbit secondary antibody (Rockland, Gilbertsville, PA) was prepared at 1:6,000 in fresh blocking solution. Membranes were incubated with primary antibody for 2 hours and subsequently with secondary antibody for 4 hours with gentle rocking at room temperature. The membranes were washed four times with TBST between steps. Membranes were scanned on a Li-Cor Odyssey Imager. The signal was related linearly to the amount of lysate up to at least 10 Ag of total protein (data not shown). To confirm specificity of the primary antibody, we treated a replicate membrane with nonspecific rabbit immunoglobulin G instead of primary antibody. It yielded no bands (data not shown). Bands were quantitated using the Odyssey version 1.2 software. Relative ASNS levels for the three ovarian cell lines (Fig. 2B) were determined by normalizing the ASNS intensity for siNeg-treated 24-, 48-, 72-, and 96-hour samples to the total amount of protein loaded and then averaging those normalized values. After quantitation and plotting of the data in Fig. 2C , the ''Autolevels'' (Shft+Ctrl+L) function in Adobe Photoshop was used to enhance contrast so that the bands would show up well in the printed figures. Because the enhancement was done on the entire gel image for a given experiment, the adjustment did not appreciably affect relative intensities.
Background was generally negligible but was nevertheless accounted for by the Li-Cor Odyssey software. Samples inoculated with the nonspecific siNeg sequence served as control. Protein levels obtained for siASNS-treated cells were divided by the corresponding levels for siNeg-treated cells and multiplied by 100 to yield percent control. Percent control values were then averaged and SDs computed (n = 3 for mRNA; n = 2 for protein).
MTS Proliferation Assay L-ASP activity was determined by measuring formazan production from MTS (Promega, Madison, WI), with drug concentrations tested in triplicate in each experiment. Serial dilutions of E. coli asparaginase (stock 500 units/mL in molecular biology grade H 2 O; Sigma, St. Louis, MO) were prepared in medium at room temperature. At 48 hours after seeding, cells were washed by aspiration of the supernatant and 150 AL of drug-containing medium were added. Another 48 hours later, the drug solution was aspirated and 120 AL of MTS-containing medium were added according to the protocol of the manufacturer (Promega). The plates were incubated at 37jC and read at 490 nm between 1 and 4 hours. Using GraphPad Prism 4.02 (GraphPad Software, Inc., San Diego, CA), we log transformed the drug concentrations and did nonlinear regression on the A 490 data using the sigmoidal dose response model with variable slope. Mean EC 50 values, SEs, and 95% confidence intervals were determined from the logistic fits.
Cell Pellet Immunohistochemistry Cultured ovarian cells were harvested and clotted with thrombin (thrombin, Topical USP). After fixation in 10% formalin, cells were embedded in paraffin and 5-Am sections were cut. Deparaffinized slides were placed in 10 mmol/L citrate buffer (pH 6.0) containing 0.1% Tween 20, and heat-induced antigen retrieval was done using a microwavable pressure cooker (Nordicware, Minneapolis, MN) under maximum heat and pressure for 20 minutes. Following antigen retrieval, the slides were incubated with an affinity-purified rabbit polyclonal antibody produced against ASNS (1:3,000). 11 Signal was detected using an automated immunostainer (DakoCytomation, Carpinteria, CA) and a horseradish peroxidase/3,3 ¶-diaminobenzidine polymer -based rabbit antibody detection system (Envision+, DakoCytomation) according to the recommendations of the manufacturer. Images were visualized under an Olympus BX41 microscope equipped with an Olympus UPlan Fl 20Â/0.5 (8/0.17), captured with an Olympus DP12 digital camera, and processed with Photoshop 6.0 software (Adobe Systems, San Jose, CA).
Tissue Array Immunohistochemistry TARP5-T-BO-1, T-CL-1, and MTA-5 tumor tissue microarrays, produced as previously described (13) 
Results

ASNS Expression and DNA Copy Number Are Negatively Correlated with L-ASP Activity
ASNS expression was evaluated in all seven of the NCI-60 ovarian cell lines using four different microarray platforms: cDNA (2), Affymetrix Hu6800 (12), Affymetrix U95, and Affymetrix U133 arrays. 9 For the relationship between ASNS expression and L-ASP-activity, those platforms yielded Pearson correlation coefficients and 95% confidence intervals of À0.89 (À0.98 to À0.41), À0.90 (À0.98 to À0.46), À0.85 (À0.98 to À0.28), and À0.86 (À0.98 to À0.28), respectively (Fig. 1) . The data from U95 and U133 arrays have not previously been reported. CGH using bacterial artificial chromosome microarrays (10) yielded a correlation coefficient of À0.98 (À1.00 to À0.84) for the relationship between ASNS DNA copy number (relative to mean ploidy) and L-ASP activity in the ovarian lines. To assess ASNS/L-ASP correlations in relation to the genome-wide distribution of correlations for each data set, we calculated the correlation of L-ASP activity with expression of each gene for each microarray platform. The ASNS/L-ASP correlation was ranked in the top 1.9, 0.3, 2.4, 1.6, and 0.4 percentiles for the cDNA, Hu6800, U95, U133, and aCGH platforms, respectively. Notably, the ASNS/L-ASP correlation was the strongest of all 269 measured correlations in the CGH data set.
ASNS mRNA Is Silenced by Synthetic siRNAsTargeted to ASNS Two synthetic small interfering RNAs (siASNS.1 and siASNS.2) targeted to ASNS were transfected into OVCAR-3, OVCAR-4, and OVCAR-8 cells. Consistent with the microarray data (Fig. 1) , a branched-DNA assay for mRNA expression indicated that OVCAR-3 and OVCAR-4 express f3.0 and 3.5 as much ASNS mRNA as do OVCAR-8 cells (Fig. 2A) . Forty-eight hours after transfection of siASNS.1 or siASNS.2, ASNS mRNA levels were reduced by 83% or 79%, respectively, in OVCAR-4 cells (relative to the levels in siNeg-transfected controls). The corresponding reductions were 81% or 76% for OVCAR-3 and 87% or 80% for OVCAR-8.
ASNSProtein Expression Is Silenced by siRNATargeted to ASNS
From a functional perspective, we are more interested in protein expression than in transcript expression, and one may not reflect the other (14, 15) . Accordingly, we analyzed the time course of ASNS protein knockdown following RNAi. Lysates prepared from siRNA-transfected OVCAR-3, OVCAR-4, and OVCAR-8 cells were Western blotted using a polyclonal rabbit anti-human ASNS antibody 11 for detection and quantitation. OVCAR-3, OVCAR-4, and OVCAR-8 cells exhibited medium, high, and low protein levels, respectively, when transfected with siNeg (Fig. 2B) . The two siRNAs targeted against ASNS yielded similar magnitudes and durations (4 -5 days) of ASNS silencing (Fig. 2C) . The 4-to 5-day period provided a window of time for pharmacologic experiments. ASNS protein was assessed over 8 days in the OVCAR-8 cell line to confirm that the transfection was transient; protein levels had returned to near-control levels by day 8.
L-ASP Cytotoxicity Is Potentiated by siRNAsTargeted to ASNS To answer our central question about the nature of the correlation between ASNS expression and L-ASP activity, we silenced ASNS in the three ovarian cell lines, administered L-ASP 2 days later, and measured L-ASP activity with an MTS-based cytotoxicity assay after 2 or 3 days of exposure to the enzyme. The baseline sensitivities of the three lines to L-ASP in the MTS assay (as assessed in siNegtransfected cells) were consistent with previous results obtained using a sulforhodamine B assay in the NCI-60 screen (2, 16); OVCAR-4 showed the greatest resistance to L-ASP, and OVCAR-8 the greatest sensitivity ( Fig. 3A ; Supplementary Table S1 12 ). Transfection of OVCAR-4 cells with siASNS yielded 4.1-to 4.9-fold potentiation of L-ASP activity, suggesting that ASNS RNAi can affect drug response even in the presence of relatively high ASNS 12 Supplementary material for this article is available at Molecular Cancer Therapeutics Online (http://mct.aacrjournals.org/). levels. OVCAR-3 cells, which express slightly less ASNS, yielded a similar degree of L-ASP potentiation, 3.2-to 4.3-fold. The potentiation in both OVCAR-4 and OVCAR-3 was, thus, roughly proportional to the observed degree of ASNS silencing, 4-to 5-fold. The low-ASNS OVCAR-8 cells, on the other hand, yielded a surprise: L-ASP was potentiated >500-fold, an extent far greater than the f5-fold ASNS silencing. That potentiation was highly reproducible; a second, independent experiment yielded 560-and 550-fold potentiation with siASNS.1 and siASNS.2, respectively (data not shown). Those RNAi studies answered our central question by showing a causal link between ASNS expression and sensitivity to L-ASP in ovarian cancer cell lines. The link was clear-cut over a wide range of ASNS expression, but it was most striking for the cell line with lowest baseline expression. Statistics of the pharmacologic assays can be found in Supplementary Table S1 .
Reconstitution of ASNS Expression Abrogates L-ASP Potentiation
To test for reversibility of the potentiation, we assayed L-ASP activity after ASNS protein had returned to nearbaseline levels 8 days after siASNS transfection. The cells were exposed to L-ASP for 2 days starting on day 8. The MTS assay on day 10 ( Fig. 3B) indicated that the previously observed 500-fold potentiation had been abolished on reconstitution of ASNS expression.
L-ASP Activity Is Potentiated by siRNA Targeted to ASNS in a Multidrug-Resistant Cell Line
Because the majority of ovarian cancer patients develop resistance to chemotherapeutics, we asked whether the ASNS/L-ASP relationship would be maintained after the development of classical multidrug resistance. To answer that question, we used OVCAR-8/ADR, a derivative of OVCAR-8 grown under selective pressure for resistance Figure 1 . Correlation of L-ASP activity with ASNS expression and ASNS DNA copy number. ASNS transcript levels were measured using four different microarray platforms: cDNA array, Affymetrix Hu6800 array, Affymetrix U95 array, and Affymetrix U133 array. ASNS copy number (relative to mean ploidy) was assessed from array CGH, based on a BAC probe on 7q near the locus of ASNS.
to Adriamycin (doxorubicin) and previously shown to exhibit a multidrug resistant phenotype (17, 18) .
[OVCAR-8/ADR was originally designated as MCF7/ ADR and later as NCI/ADR because of uncertainty about its lineage, but we found by CGH and spectral karyotyping (10, 19) that it is actually a derivative of OVCAR-8.] We first noted that ASNS expression in OVCAR-8/ADR was approximately the same as in the parental OVCAR-8 cell line (Fig. 1) , suggesting that acquisition of multidrug drug resistance does not affect ASNS expression. Significantly, siASNS transfection yielded >700-fold potentiation of L-ASP activity in OVCAR-8/ADR cells (Fig. 3C) , showing that the causal link between ASNS expression and L-ASP activity survives the development of classical multidrug resistance. That potentiation was reproducible; a second, independent experiment yielded 840-and 880-fold potentiation with siASNS.1 and siASNS.2, respectively (data not shown).
ASNS Antibody Stains Ovarian Cell Lines Differentially in Accord with Microarray and Western Blot Data
Immunohistochemical staining using a rabbit polyclonal antibody against ASNS showed differential staining of the ovarian cell lines (Fig. 4) . The order of staining intensities was OVCAR-4 > OVCAR-3 > OVCAR-5 > OVCAR-8, consistent with the relative expression levels determined for ASNS mRNA by microarray (Fig. 1) and by branched-DNA assay ( Fig. 2A) and for ASNS protein by Western blot (Fig. 2B) . In each culture, all cells stained to about the same intensity.
Tissue Array Screening for Clinical Cancers Low in ASNS
To begin assessment of the potential of ASNS as a biomarker in clinical tumors, we examined ASNS expression in a variety of cancer types using tissue microarrays from the NCI TARP (20) . For qualitative analysis, each tumor specimen was scored as 0, 1+, 2+, or 3+ depending on the intensity (negative, weak, moderate, strong) and pervasiveness of staining. For heuristic purposes, 0 and 1+ were considered ''low.'' ASNS levels were scored as low in 15% (8 of 54) of ovarian cancers, 2% (1 of 46) of prostate cancers, 17% (6 of 35) of breast cancers, 19% (12 of 63) of colon cancers, 23% (18 of 77) of lung cancers, 55% (12 of 22) of lymphomas, and 64% (7 of 11) of head and neck tumors. We also did preliminary studies with ovarian cancer tissue arrays from Cybrdi (60 primary ovarian tumors) and US Biomax (172 primary ovarian tumors; Fig. 5 ). A range of staining intensity was observed (Fig. 5A) , and, importantly, that intensity was essentially uniform across all tumor cells in a given core (Fig. 5B and C) , providing further rationale for clinical use of L-ASP and use of the antibody in evaluation of ASNS as a biomarker.
Discussion
Recent advances in bioinformatics and pharmacogenomics toward the goal of personalized medicine are helping to identify new uses for clinically approved drugs (21) (22) (23) (24) (25) (26) (27) .
In that context, we report here the investigation of a pharmacogenomic/pharmacoproteomic correlation between ASNS expression and L-ASP activity in ovarian cancer cell lines of the NCI-60 human cancer cell line panel. Studies using four different microarray platforms all showed negative Pearson correlations between ASNS expression and L-ASP activity (Fig. 1) . The correlation coefficients ranged from À0.85 to À0.90 for the four platforms (the top 0.3 to 2.4 percentile for negative correlation when compared with all of the gene/L-ASP correlations across the genome). BAC arrays then showed an even stronger negative correlation of L-ASP activity with 7q DNA copy number ( Fig. 1, aCGH; À0.98; 0.4 percentile), providing a plausible mechanism to explain the correlation with expression. We do not know why the correlation seemed to be strongest at the DNA copy level; perhaps the CGH technology was more accurate or perhaps it was chance. Regardless of the answer, the correlation was statistically significant on all platforms. Because the ASNS/L-ASP pair in ovarian cancer was already the focus of attention based on prior literature and our prior results, no multiple comparison correction was necessary. The high negative values suggest ASNS levels as the principal determinant of L-ASP activity in the cells. We next used RNAi against ASNS to assess whether the expression-activity correlation is causal or epiphenomenal; a causal relationship would provide a more direct association and, hence, a stronger rationale for clinical testing of L-ASP in a low-ASNS subset of ovarian cancer patients. Transfection of synthetic siRNAs targeted to ASNS yielded substantial (f80%) silencing of both mRNA and protein expression (Fig. 2) , and that silencing resulted in potentiation of L-ASP activity in all three ovarian cell lines tested (Fig. 3) . Those findings showed that the ASNS/ L-ASP relationship is causal.
The striking >500-fold potentiation of L-ASP activity observed on 5-fold ASNS knockdown in the low-ASNS OVCAR-8 cell line and its OVCAR-8/ADR counterpart ( Fig. 3A and C ) may actually be a result of ''resistance'' rather than ''potentiation.'' Previous reports have shown that ASNS expression can be induced rapidly in leukemic and nonleukemic cell lines by L-ASP treatment (28, 29) and that a mere 7-fold induction of ASNS mRNA can yield a >1,000-fold increase in resistance to L-ASP (29) . Our data are consistent with those observations. The MTS curves for siASNS-transfected cells probably reflect L-ASP activity with ASNS kept low, whereas the curves for siNegtransfected cells (or cells not siRNA-transfected at all) were probably shifted to the right (i.e., toward resistance) because of rapid ASNS up-regulation during the 48-hour period of exposure to L-ASP. Regardless of mechanism, the potentiation we observed with siASNS for all three cell lines shows a causal link between L-ASP activity and ASNS expression.
We next asked whether L-ASP would be active in multidrug-resistant cancer cells, because classical multidrug resistance precludes therapy with a variety of standard agents (e.g., paclitaxel, a first-line drug for treatment of clinical ovarian cancer). As might have been expected in that context, the NCI-60 screen data showed OVCAR-8/ADR, a multidrug-resistant line selected from OVCAR-8 by exposure to Adriamycin (doxorubicin), to be 32-fold less sensitive than the parental line to paclitaxel. In contrast, OVCAR-8/ADR showed approximately the same ASNS expression (Fig. 1 ) and L-ASP sensitivity (Fig. 3) as did the parental OVCAR-8, indicating that ASNS had not been up-regulated as part of the multidrug resistance phenotype. We then found that siASNS transfection led to L-ASP potentiation at least as great (>700-fold), confirming that the causal link between ASNS expression and L-ASP activity was still present after development of multidrug resistance.
Because ASNS catalyzes asparagine synthesis and L-ASP catalyzes the breakdown of asparagine, why did analysis of the NCI-60 data not reveal a strong inverse relationship between ASNS expression and L-ASP activity in cell types other than leukemic and ovarian? A likely explanation is that additional molecular species (or processes) affect L-ASP activity but are relatively unimportant in leukemic and ovarian cell lines. Those species or processes could explain why some cell lines with high ASNS levels have been reported to be sensitive to L-ASP, and some with low ASNS levels have been reported to be resistant (30) . For example, because L-ASP can be toxic via glutamine depletion (31 -35) , genes involved in glutamine-related pathways may play roles in the response to L-ASP. Despite the probable involvement of such molecular species in L-ASP activity, pharmacogenomic analysis of the NCI-60 data enabled us to identify cell types (i.e., leukemic and ovarian) for which ASNS expression seems to be a strong univariate predictor of L-ASP activity.
The potential value of ASNS as a biomarker is further suggested circumstantially by its causal relationship with L-ASP activity in the presence of previously established predictors of unfavorable treatment outcome. One such predictor is p53 mutation status; tumors with p53 mutations tend to be more chemoresistant than their wild-type counterparts (36 -38) . OVCAR-4 contains wild-type p53, whereas OVCAR-3 and OVCAR-8 contain two different p53 mutations (9b, 39, 40) . It was promising to find that those p53 mutations did not confer resistance to L-ASP on silencing of ASNS. Second, HER2 expression, which is associated with increased metastatic potential and decreased survival (41, 42) , is 7-fold higher in OVCAR-4 than in OVCAR-8; 9 nonetheless, the causal link between ASNS expression and L-ASP activity was present in both lines. Third, epidermal growth factor receptor expression, which is also associated with poor prognosis (43, 44) , is high in all three ovarian lines tested, 9 yet the relationship between ASNS and L-ASP was demonstrable in each. Fourth, CD10 negativity has been associated with resistance to L-ASP in leukemia cells (45) , yet all three ovarian lines, which are CD10 negative, exhibited L-ASP potentiation on ASNS silencing. Fifth, a recent study in primary ovarian cancer cells identified genes differentially expressed in carboplatin-sensitive and carboplatin-resistant cells. ASNS was not among those genes (46) , suggesting that the link between ASNS expression and L-ASP activity would survive the development of resistance to cisplatin and carboplatin, first-line agents for treatment of ovarian cancer. Sixth, a similar study in ovarian cell lines indicated that ASNS is not among the 22 genes on chromosomal arm 7q that are up-regulated in development of resistance to taxanes (47) . All of those circumstantial observations, together with our demonstration that the causal relationship between ASNS expression and L-ASP activity survives the development of classical multidrug resistance in OVCAR-8/ADR (Fig. 3C) , provide rationale for clinical testing of L-ASP in ovarian cancer patients whose tumors express low ASNS, even if other markers associated with resistance to chemotherapy are present. Any experimental results in cell lines must, of course, be tested clinically before their implications for treatment of human tumors are clear. Unfortunately, mice, unlike humans, express endogenous L-ASP (at high levels; ref. 48 ), so they are questionable as models for assessment of ASNS as a biomarker for asparagine depletion therapy.
We next asked whether a subset of clinical ovarian cancers would show low ASNS expression. To address that question, we first tested our rabbit polyclonal anti-ASNS antibody against ovarian cell line pellets and found that it stained the lines differentially (Fig. 4) , in accord with the quantitative results from our four microarray data sets (Fig. 1) and Western blots (Fig. 2B) . We then used the same antibody to stain microarrays of tumors taken directly from patients ( Fig. 5) and to estimate the percentages of low-ASNS specimens. Two points should be noted in interpreting those percentages: (i) intensity of staining for any particular tumor core may be influenced by the way in which the core was fixed and embedded; (ii) the cutoff at 1+ staining is arbitrary; we do not yet know how the score relates to functional differences in response to L-ASP. Therefore, the principal information to be gleaned from the arrays comes from comparison of tumor types. Bearing that in mind, head and neck tumors as well as lymphomas clearly showed the greatest percentages of low expressers (64% and 55%, respectively). The head and neck finding may be interesting in its own right, although it is not central to the focus of this study on ovarian cancer cells; until cetuximab this year, the last chemotherapeutic agent to be approved for treatment of head and neck cancer was methotrexate in the 1950s. L-ASP therapy for head and neck tumors should therefore be considered, and we plan to use ASNS-targeted siRNA to test the causality of the ASNS/ L-ASP relationship in head and neck cell lines. At the other end of the spectrum were the prostate cancers (2%), and ovarian (15%) was near the middle. If, hypothetically, 15% of ovarian cancers were responsive to L-ASP on the basis of low ASNS, one would not have enough statistical power to identify the responders in a clinical trial of moderate size unless ASNS were used as a biomarker for patient selection or in analysis of the responses.
Clear cell ovarian cancers have been reported to express lower ASNS levels than do endometrioid, mucinous, serous, or mixed ovarian cancers (P = 0.001; ref. 49 ). That observation is interesting because clear cell cancers usually have the worst prognosis. In our immunostaining, the two clear cell samples on Cybrdi arrays were scored as low expressers. The US Biomax array did not include any clear cell samples. Another study showed lower ASNS expression in ovarian adenocarcinoma samples than in normal ovary (P < 0.007; ref. 50 ).
In conclusion, we have shown a causal relationship between L-ASP activity and the expression of both ASNS transcript and ASNS protein in ovarian cancer cell lines. Of course, nothing is entirely simple and straightforward in biology; as indicated in an excellent recent review (51), other molecular players and processes can clearly be influential. However, if the relationship we have identified in cell lines carries over into clinical ovarian cancer (as it does in the case of lymphoid malignancies), our results suggest that ovarian tumors with moderate to low levels of ASNS may be sensitive to depletion of extracellular asparagine. The apparent mechanism of action is particularly interesting because it differs from those of the standard cytotoxic drug classes and because it does not require L-ASP to escape from the bloodstream or penetrate tumor substance. Penetration of the tumor is a major problem with many other protein (and small molecule) therapeutics (52) . Asparagine depletion could, in principle, be achieved with L-ASP, siASNS, and/or a low molecular weight inhibitor of ASNS (e.g., one of the N-acylsulfonamide or sulfoxamine derivatives developed for that purpose; ref. 53) . For now, our findings provide rationale for clinical testing of L-ASP against low-ASNS subsets of ovarian cancers (and perhaps other cancer types), with ASNS as a causally linked biomarker. Toward that end, we have opened a phase I clinical trial at three academic institutions to test the safety of polyethylene glycolated L-ASP (in combination with gemcitabine) in patients with solid tumors and non-Hodgkin's lymphoma, with retrospective assessment of ASNS as a biomarker.
